Trichophyton benhamiae is a zoophilic dermatophyte transmitted to humans mostly from guinea pigs and occasionally other animals. It presents two distinct phenotypes: yellow and white. T. benhamiae was formerly known as Trichophyton species of Arthroderma benhamiae; it was considered part of the T. mentagrophytes species complex, and some authors have incorrectly described the yellow phenotype of T. benhamiae as T. mentagrophytes var. porcellae. Identification of T. benhamiae has been difficult, as it was described under more than three names, two phenotypes, and in several different possible host species. During the past 15 years, human infections due to this dermatophyte have been increasingly reported all over the world. In order to better understand the local epidemiology of T. benhamiae and to compare it to other European countries, we performed a 9-year retrospective study in the Strasbourg University Hospital. We studied 41 dermatophytes (38 isolated from humans and 3 from guinea pigs) identified as T. mentagrophytes var. 
Introduction
Dermatophytes are a group of keratinophilic filamentous fungi that can infect animals and humans. Dermatophytosis, commonly called ringworm, is usually limited to hair, nails, and the keratinized layers of the skin. 1 These mycoses are transmissible diseases and can clinically range from mild to severe, depending on the host's immune status, the strain virulence, and other environmental factors. 1 According to their habitat, dermatophytes can be divided into anthropophilic (human), zoophilic (animal) and geophilic (soil) 1 . The latter two types tend to cause more inflammatory human lesions that the former. Dermatophytes belong to four genera: Epidermophyton, Trichophyton, Microsporum, and Nannizzia, with only the first two being truly anthropophilic. 2 The genus Trichophyton is the one most frequently isolated from humans, especially in regions with a temperate climate.
Trichophyton benhamiae (comb. nov.) 2 is a zoophilic species transmitted to humans mostly from guinea pigs and occasionally rabbits, cats and dogs. During the past 15 years, it has been described in animals in Japan, Europe, and the United States. 3, 4, 5, 6, 7 Two phenotypes have been described for T. benhamiae: yellow and white. 8, 9, 10, 11, 12, 13, 14 The yellow phenotype strains are downy, with a pleated mycelium, a yelloworange reverse, and a slow growth rate. Sporulation is poor on Sabouraud agar, with rare microconidia and no macroconidia or spiral hyphae. Subcultures on other media (potato dextrose agar, diluted Sabouraud agar or M40Y) can enhance sporulation. 8, 10 The main differential diagnosis is Microsporum canis, also often macroscopically yellow, but presenting 6-12 celled macroconidia, with thick cell walls and thinner septa. 15 The white phenotype strains are powdery to floccose, with a yellow, orange, or brown reverse and a rapid growth rate. Microconidia are numerous, spherical to clavate; macroconidia are sparse, 3-8 celled, smooth-and thinwalled, clavate to cigar-shaped; spiral hyphae are occasionally present. 2, 10 The main differential diagnosis for the T. benhamiae white phenotype is T. mentagrophytes, which presents numerous spherical microconidia and frequent spiral hyphae, aside from the clavate to cigar-shaped macroconidia.
In the past years, the nomenclature of dermatophytes has undergone some changes. Initially, species were defined according to clinical data, and morphological and physiological characteristics. Thus, T. benhamiae was initially known as Trichophyton sp. of Arthroderma benhamiae 20, 21, 22 and it was considered to be part of the T. mentagrophytes 9, 21, 22, 23, 24, 25, 26, 27, 28, 29 species complex. But dermatophytes presenting different phenotypes can have the same genotype, or vice versa. This is perfectly illustrated by the fact that in 2010 Contet-Audonneau and Leyer invalidly introduced the name T. mentagrophytes var. porcellae for the already described yellow phenotype Trichophyton sp. of A. benhamiae.
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The rapid development of molecular methods in the past 20 years has revolutionized the dermatophyte taxonomy. Based on sequencing the ITS ribosomal DNA region, seven clades have been described. The upper clade A comprises the Trichophyton species, with clade A-1 corresponding to T. mentagrophytes. Trichophyton sp. of Arthroderma benhamiae is no longer considered part of the T. mentagrophytes species complex; it became T. benhamiae (comb. nov.), which formed the A-2 clade together with T. schoenleinii and T. verrucosum. Clade A-3 is represented by the zoophilic species T. bullosum. 2 Having more than three different names, two different phenotypes, and several different possible hosts rendered difficult the identification of T. benhamiae. This dermatophyte has been reported since 2001 from humans in Japan, 3, 16 Switzerland, 4, 10, 17 Germany, 5, 14, 18 France, 8 Belgium, 9 and the United Kingdom 19 . In recent years in Japan, T. benhamiae has become the second most frequent dermatophyte after M. canis and a study performed in Germany between March 2010 and March 2013 showed that T. benhamiae had already become the most frequent zoophilic dermatophyte responsible of human infections, with a prevalence of 2.9%. 13, 14 In the Medical Mycology laboratory of the Strasbourg University Hospital we look for dermatophytes in 1400 to 1750 samples per year, and rare or interesting strains are stored in a mycology bank since 2008. We performed a 9-year retrospective study, in order to better understand the local epidemiology of T. benhamiae and to compare it to that of the other European countries or regions.
Methods

Strains
Strains were isolated in our laboratory from clinical samples sent to our diagnostic laboratory in sterile Petri dishes, or from strains sent to us for identification by external sources (private laboratories or smaller hospitals).
For each sample of sufficient quantity, a direct examination with KOH 30% and culture on in-house slant media (Sabouraud Chloramphenicol Dextrose Agar and Sabouraud Chloramphenicol Dextrose Cycloheximide Agar) were performed. The cultures were incubated at 27
• C for 4 to 6 weeks and examined twice a week. No direct examination was performed for strains sent to us for identification.
In-house media plates (potato-dextrose agar, water agar, Borelli's lactrimel agar, and diluted Sabouraud dextrose agar) were used for subcultures of all the strains. They were incubated at 27
• C for 3 to 10 days and examined twice a week.
The urea hydrolysis activity was tested using Christensen's urea broth test. 30 Subcultures of the strains were inoculated in 1 ml of ready-to-use Christensen's urea broth (Sigma-Aldrich) incubated at 27
• C and examined after 3 and 7 days. All 41 strains were identified morphologically (T. mentagrophytes var. porcellae), and 35 were confirmed by DNA sequencing (33 A. benhamiae/T. benhamiae, 1 T. bullosum and 1 T. eriotrephon). The remaining six strains were not available for sequencing at the time of this study.
DNA extraction, amplification, and sequencing
Confirmation of the initial identification was performed retrospectively by sequencing the Internal Transcribed Spacer (ITS) region of the ribosomal DNA using primers ITS1 (5 -TCCGTAGGTGAACCTGCGG-3 ) and ITS4 (5 -TCCTCCGCTTATTGATATGC-3 ) as previously described. 31 Briefly, DNA was extracted and purified di- 
Phylogenetic analysis
ITS sequences from our strains were aligned with reference strains belonging to Arthroderma benhamiae complex using MUSCLE (Mega R 6.0 software), and the best model for phylogenetic analyses was identified using default setting. The evolutionary history was inferred by using the maximum likelihood method based on the Tamura 3-parameter model. The percentage of trees in which the associated taxa clustered together is shown above the branches (10000 replicates). Initial trees for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood approach. A discrete Gamma distribution was used to model evolutionary rate differences among sites. The rate variation model allowed for some sites to be evolutionarily invariable. Evolutionary analyses were conducted in MEGA6. Trichophyton rubrum strains IHEM13800 (JQ407179) and ATCC28188 (AF170472) were used as outgroup.
Results
Between 2008 and 2016 we received 1390 (2009) to 1732 (2015) samples per year for dermatophytes analysis. About 50% had positive cultures for dermatophytes, moulds, and yeasts. About 10% of the samples were positive for zoophilic dermatophytes, mostly T. mentagrophytes, M. canis and T. benhamiae (Table 1) .
In our 9-year survey, 41 strains isolated from separate samples (38 human and 3 animal) and identified at that time as T. mentagrophytes var. porcellae or A. benhamiae were diagnosed in our laboratory by morphology or molecular identification. As this study is retrospective, some information is missing in some cases (Table 2) .
No M. canis were included in this study because all of the strains had typical macroconidia that made them easy to differentiate from the yellow phenotype of T. benhamiae. We had no T. concentricum or T. eriotrephon in our collections, and all of our T. verrucosum isolates were already confirmed by ITS sequencing. Only 35 of 41 strains were available for retrospective study in our mycology bank; for these, the morphological identification was verified by sequencing the ITS region of the ribosomal DNA. The six remaining strains had been identified according to morphology as T. mentagrophytes var. porcellae, name used incorrectly for the yellow phenotype Trichophyton sp. of A. benhamiae (Figs 1 and 2).
Strain 3 had a white phenotype and was identified by ITS sequencing as T. bullosum ( Table 2 , Fig. 1 , Table 3 ). This result was confirmed by the phylogenetic analysis presented in Figure 3 . Strain 3 had been isolated in 2008 from a thigh lesion of a 15-year-old girl, presented a white phenotype and a sterile microscopy; no information concerning animal contact was known.
Strain 6 had a white phenotype, and ITS sequencing showed 99-100% identity with A. benhamiae / T. erinacei strains (Table 3) . However, the phylogenetic analysis with high bootstrap values presented in Figure 3 showed that it belongs to the T. eriotrephon clade. This strain had been isolated from a beard sycosis of a 24-year-old man in 2009 and no information concerning animal contact was given. Microscopically, it presented numerous microconidia and some macroconidia; urease activity was weekly positive ( Table 2) .
The remaining 33 sequenced strains were confirmed as A. benhamiae or T. benhamiae. One animal strain (strain 27) only had 97% identity with three strains of T. benhamiae (Table 3 ). The other 32 strains all have 99-100% identity with strains of T. benhamiae, including the type strain.
In sum, 36 of the total 39 T. benhamiae/T. mentagrophytes var. porcellae strains were isolated from humans and three from guinea pig samples (Fig. 1) . And 35 of the 39 T. benhamiae/T. mentagrophytes var. porcellae strains (89.7%) belong to the yellow phenotype and four (10.3%) to the white phenotype. All white phenotype strains were isolated from human samples (strains 1, 2, 9, and 19); they all clustered together and separately from the yellow ones in the phylogenetic analysis presented in Figure 3 .
With regards to the 36 human T. benhamiae strains, 25 (69.4%) were from children with ages ranging from 2 to 15 years; the lesions were mostly inflammatory and located on the thorax or abdomen (seven), scalp (six), face (five), arms (two), leg (one), and groin (one). At least two children had more than one lesion (face and thorax, face and scalp). For four children, the clinical data were not precise (only "skin lesion" was specified).
The 11 adults (30.6% of T. benhamiae strains) had ages ranging from 20 to 89 and presented lesions on arms (six), legs (four), thorax (one), lip (one), scalp (one), face and neck (one).
Only two human strains come from two members (children) of the same family (strains 31 and 32). Both strains were of the T. benhamiae yellow phenotype, presented weakly positive urease activity but did not cluster next to one another in the dendrogramm presented in Figure 3 .
In nine of the 36 human T. benhamiae infections (25%), contact with an animal could not be established at the time of diagnosis, mostly because the interrogatory had been performed out of our department and no detailed information was transmitted to our laboratory. In sum, 27 out of 36 T. benhamiae patients (75%) had been in contact with an animal. And 21 of these 27 patients had been in contact only with guinea pigs; three patients had been in contact with other animals besides guinea pigs (guinea pig, pony, and cat for patient 8; guinea pig, hamster, gerbil, and kitten for patient 17; and guinea pig, rabbit, cow, dog, and horse for patient 19) . Seven of the 24 guinea pigs were symptomatic, but we did not receive samples from these animals. Three patients with no guinea pig contact had been in Table 2 . List of strains used in this study. contact with rabbits (patient 2 and patient 18) and patient 4 with a cat (Table 2 ). Three T. benhamiae strains isolated from guinea pigs were sent to us for identification. These animals were symptomatic but were not pets of any of the patients included in this article. They were all yellow type T. benhamiae.
Only 32 T. benhamiae strains of the total of 39 were tested for urease activity: eight were positive, 19 were weakly positive, five were equivocal, and two were negative (Table 2 and Fig. 4) .
Regarding the incidence of T. benhamiae and M. canis, the former was more frequent than the latter in only 3 of the 9-year survey (Table 1) 
Discussion
Most of the dermatophytes are cosmopolite, but some are confined to specific regions or areas of the globe or are associated with certain animals. Population migrations, changes in lifestyle, improvement of hygiene, and practice of more physical activity are changing the geographical distribution of dermatophytosis.
Another important factor influencing the epidemiology of these infections is the increasing number and variety of pets. Lately, under the influence of fashion and mediatisation, these are no longer limited to cats and dogs. Reptiles, mice, rabbits, guinea pigs or ferrets have become equally common 9, 25, 32 .
Children and staff working in pet shops are populations especially at risk of contracting an infection transmitted by these no longer exotic animals. 32, 33, 34, 35, 36 More than adults, children are at risk of developing an infection due to zoophilic dermatophytes because of their increased outdoors activity and preferred close contact with pets and other animals. 33 This was also evidenced by our cases, with infections concerning mostly children (25 out of 38 patients = 65.78%). The adults' lesions were mostly situated on the exposed parts of the skin (arms and legs), whereas lesions on thorax, abdomen, scalp, face, groin, thigh, or shoulder, were predominant in children, probably due to petting and playing with their animals.
T. benhamiae is transmitted mainly by guinea pigs but also occasionally by other animals. 4, 18, 21, 25, 37 In our survey, three patients had been in contact with other animals besides guinea pigs (pony, cat, rabbit, cow, dog, and horse) and three patients had been in contact only with animals other than guinea pigs (rabbit and cat). These data correspond to those of the literature, since other hosts have recently been identified for T. benhamiae, such as cats, dogs, rabbits, mice, rats, foxes, and more rarely degus or porcupines. 6, 10, 13, 38, 39 Lesions caused by T. benhamiae tend to be highly inflammatory. The animals are usually asymptomatic; when apparent, typical lesions are circumscribed areas of alopecia with erythema, scaling and crusting. 4 In 27 of our 36 T.
benhamiae human cases (75%), contact with guinea pigs has been established. Out of these 27 cases, the animals were confirmed symptomatic in only seven cases ( Transmission can take place directly by contact with the animals (even if asymptomatic) but also via soil, animal hairs, and scales. The infectivity could be as long as 2 years. 8 These are elements that add to the spreading of the infection, since the animal is neither identified as a potential source of infection for its entourage, nor isolated or treated.
In terms of incidence, in most regions with a temperate climate, M. canis remains the second most frequently isolated zoophilic dermatophyte 37 after T. mentagrophytes. It is mainly transmitted by cats and dogs 33, 41 and determines lesions that are not very inflammatory, unlike most of the other zoophilic dermatophytes. The observed frequency of T. benhamiae infection has been increasing recently in Japan, 11, 16 Switzerland, 4, 10, 17 Germany, 5, 14, 18, 42, 43, 44 France, 8 Belgium, 9 the Netherlands, 37 and Chile 36 . In recent years in Japan 11, 16 T. benhamiae has become the second most frequent dermatophyte after M. canis, and a study performed in Germany between March 2010 and March 2013 showed that T. benhamiae had already become the most frequent zoophilic dermatophyte responsible of human infections with a prevalence of 2.9%. 13, 14 In the past 9 years in our laboratory we diagnosed a total of 658 strains of T. mentagrophytes, 65 strains of M. canis and 39 strains of T. benhamiae/T. mentagrophytes var. porcellae (Tables 1 and 2) . T. mentagrophytes remains the most frequent zoophilic dermatophyte (incidence around 9%). M. canis comes in second (incidence around 1%) and T. benhamiae third (incidence around 0.5%, varying between 0.25% and 1.18%).
From our 9-year survey we can conclude ( Table 1 ) that T. benhamiae was the third most frequent zoophilic dermatophyte after T. mentagrophytes and M. canis in our laboratory, except for 2011 (1.06% vs 0.82%), 2012 (0.85% vs 0.57%), and 2014 (1.18% vs 0.4%), when it came second, surpassing M. canis. This seems to be mostly due to the increased number of guinea pigs as popular pets and to the fact that up to 2/3 of these animals can be carriers of T. benhamiae, even if asymptomatic. 9, 40 Microscopical differential diagnosis between M. canis and the yellow phenotype of T. benhamiae can be straightforward when rough-walled spindle-like macroconidia are present for the former and only few microconidia for the latter. Recently, Brasch 15 Since these two species also show overlapping host specificity, ITS sequencing is the only method that can provide reliable identification.
Christensen urea broth test for T. benhamiae has been described as negative, 8 weakly positive, 45 showed that dermatophyte taxonomy has reached an acceptable level of stability. ITS sequencing can also reveal unexpected results: in our study, one of the strains we suspected of being a white phenotype of T. benhamiae proved to be T. bullosum, a zoophilic dermatophyte rarely isolated from the coat of horses and possibly donkeys. Only two cases have been described in the literature: one from a forearm lesion of a 21-year-old male in rural France 47 and one from a saddle-area lesion of a 6-year-old male horse in the Czech Republic. 48 As shown by the dendrogram presented in Figure 3 , the ITS sequence of our T. bullosum strain clustered with the other two available strains. This newly described species is closely related to T. verrucosum and T. eriotrephon and systematic molecular identification of the dermatophytes comprised in these genera could give us more insight into the real prevalence of this species. Another strain we suspected of being a white phenotype of T. benhamiae was strain 6, isolated from a beard sycosis of a 24-year-old man in 2009 (no information concerning animal contact was available). ITS sequencing showed a 99-100% identity with A. benhamiae and T. erinacei strains (Table 3) , but the phylogenetic analysis with high bootstrap value presented in Figure 3 places this strain in the T. eriotrephon clade, next to the type strain. There are at least two limiting factors in our case: the sequence length (672 bp) and having used only one marker for the phylogenetic analysis presented in Figure 3 .
All four white phenotype T. benhamiae strains were isolated from human samples (strains 1, 2, 9, and 19); they all cluster together and separately from the yellow ones in the phylogenetic analysis presented in Figure 3 .
The phylogenetic analysis shows clusters of A. benhamiae as well as T. benhamiae. We think this is due to ongoing updates taking place in the different databases following the new taxonomy of dermatophytes. 2 These efforts of the scientific community will be useful in deepening the knowledge of local epidemiologies and will improve communication between scientists.
T. benhamiae is a zoophilic dermatophyte diagnosed as an agent of human infection with increased frequency in the past years on three continents (Asia, Europe, South America). Our study shows that ITS sequencing is necessary for accurate identification of both phenotypes (white or yellow) of the species. The new taxonomy 2 should simplify identifying T. benhamiae and monitoring the epidemiology of this zoophilic dermatophyte.
